Stimulant-induced psychosis is most frequently associated with a chronic, high-dose, multiple daily ("binge") exposure pattern of stimulant abuse. To simulate these conditions, rats were exposed to escalating doses of amphetamine (Escalating Dose phase, 1.0 -8.0 mg/kg) before multiple daily injections of relatively high doses of the drug (Run phase, 8.0 mg/kg/2 hr ϫ 4 injections). Behavior was monitored continuously during the course of these treatments as well as during subsequent amphetamine challenges at various times after discontinuation of drug treatment. With the Escalating Dose-Run pattern of administration, a unique behavioral profile emerged in which tolerance occurred to the amount of time spent engaged in continuous focused stereotypy simultaneous with a profound increase in ambulatory activity that appeared agitated and disorganized. Parallel in vivo microdialysis studies showed progressively declining extracellular dopamine and serotonin responses, both within and between successive runs, whereas the norepinephrine response remained relatively unaltered. We propose that this model more closely resembles clinical manifestations of amphetamine psychosis and that the alterations may reflect a shift in the relative activation of mesolimbic and nigro-striatal dopamine pathways.
Animal studies have shown that repeated administration of amphetamine-like stimulants results in an altered response profile, one prominent feature of which is behavioral sensitization (for review, see Segal et al., 1981, Robinson and Becker, 1986; Segal and Kuczenski, 1994) . It has been suggested that this progressive enhancement in responsiveness may be implicated in the various forms of psychopathology observed with stimulant abuse (Segal and Mandell, 1974; Post and Kopanda, 1976; Kilbey and Ellinwood, 1977; Segal and Janowsky, 1978; Segal and Schuckit, 1983; Segal and Geyer, 1985) and, in fact, recent clinical findings are consistent with a role for sensitization in the appearance of stimulant-induced paranoid psychosis (Brady et al., 1991; Satel et al., 1991; Angrist, 1994b; Gawin and Khalsa, 1996) . However, because many factors influence stimulant response characteristics, it would be especially important to simulate the human abuse patterns most frequently associated with the induction of psychosis to accurately assess the possible mechanisms responsible for these effects.
Several issues are important in this regard. For one, an appropriate animal behavior model should include exposure to gradually escalating doses of the stimulant, because this is a common usage pattern of high-dose stimulant abusers (Gawin, 1991; Angrist, 1994b; Gawin and Khalsa, 1996) . Escalating dose regimens in animals have been used primarily to examine the response to lower challenge doses of the stimulant (Robinson et al., 1988; Paulson et al., 1991) . Results obtained from these studies indicate that the responses to challenge are comparable after escalating dose pretreatment and single daily injections, especially after relatively long withdrawal periods (Paulson and Robinson, 1995) . Importantly, however, there are no reports of systematic analyses of the behavioral response during the escalating dose regimen.
Furthermore, as tolerance develops to the sympathomimetic effects of the stimulants, abusers are able to survive higher doses Schuster, 1974, 1977; Schuster and Fischman, 1975; Schmidt et al., 1985b; Angrist, 1994b) and thus increase both the dose and frequency of administration, presumably to achieve and maintain high levels of the euphoria produced by these drugs (Angrist, 1987 (Angrist, , 1994b Gawin and Khalsa, 1996) . Thus, escalating doses frequently lead to a high dose binge pattern of administration, and prevailing evidence suggests that psychosis is most frequently associated with this pattern of stimulant abuse (Davis and Schlemmer, 1980; Angrist, 1994b; Gawin and Khalsa, 1996) . Therefore, characterization of the behavioral and neurochemical responses during multiple binges may provide the greatest potential for understanding the neurochemical mechanisms and behavioral processes most frequently associated with craving and compulsive use as well as with the induction of psychosis (Griffith et al., 1972; Kramer, 1972; Schmidt et al., 1985b; Angrist, 1987 Angrist, , 1994b Gawin, 1991; Unterwald et al., 1994; Gawin and Khalsa, 1996) . To simulate these conditions, we have undertaken a series of studies in which rats were exposed to gradually escalating doses of d-amphetamine (AMPH) before multiple daily administrations of relatively high doses of the drug. Animals monitored continuously throughout the course of these treatments developed a unique pattern of behavior that emerged through the course of multiple runs. These effects and corresponding changes in extracellular monoamines may provide new insight into the pathophysiology of stimulant-induced psychosis.
MATERIALS AND METHODS
Subjects. Male Sprague Dawley rats, weighing 325-350 gm at the beginning of drug treatment, were housed for at least 1 week before experimental manipulation in groups of 2 or 3 in wire mesh cages in a temperature-and humidity-controlled room, maintained on a 14:10 hr light/dark cycle (5:00 A.M. to 7:00 P.M.). Animals were obtained from Simonsen Labs (Gilroy, CA).
Apparatus. Behavior was monitored in custom-designed activity chambers (see Segal and Kuczenski, 1987) . Briefly, each of the chambers was located in a sound attenuated cabinet maintained on a 14/10 hr light/dark cycle with constant temperature and humidity. Food and water were available ad libitum. Each chamber consisted of two compartments: an activity/exploratory compartment (30 ϫ 20 ϫ 38 cm) and a smaller "home" compartment (14 ϫ 14 ϫ 10 cm) in which food and water were located. Movements of the animal between quadrants within the activity/ exploratory compartment (crossovers) and rearings against the wall, as well as eating and drinking and other vertical (e.g., contact with a hanging stimulus) and horizontal movements (e.g., intercompartment crossings), were monitored continuously by computer. In addition to the computermonitored behaviors, representative animals, chosen at random from each group (n ϭ 5-7) were videotaped simultaneously for 60 sec at successive 5 min intervals for up to 8 hr to assess the qualitative features of the response during both the stereotypy and the poststereotypy phases. Raters who were unaware of the specific experimental conditions subsequently rated the videotapes on the basis of behavior ethograms and rating procedures established previously (Segal and Kuczenski, 1987) . Stereotypy was assessed as the percentage of the observation interval during which the animal displayed each specific behavior. The appearance of other atypical responses or behavior patterns, undetectable by our automated methods, were noted by the rater after each sampling interval. Because of the magnitude of the experiment, it was not possible to videotape sample behaviors from all animals; therefore, sets of rats from the most relevant groups were randomly selected for observational ratings.
Drugs. d-Amphetamine (NIDA) was administered either intraperitoneally (1 ml/kg) or subcutaneously (2 ml/kg to avoid local irritation that might be produced by high concentrations). Doses are expressed as the free base. There were no significant differences between the results of the intraperitoneal and subcutaneous treatments; therefore, data were combined where appropriate.
General procedures. (See Results for specific details.) Animals were placed in individual experimental chambers at least 3 d before the beginning of drug treatment. To facilitate habituation to the chambers, animals were handled and injected with saline at least once a day. During the remainder of the day, animals were not disturbed and their behavior was monitored continuously.
Escalating dose phase. In a series of preliminary studies, we examined the effects of a number of different escalating dose regimens on the ability of the animals to tolerate subsequent high-dose binge exposures without displaying any adverse signs such as convulsions, ataxia, persistent high core temperature, or any behavioral evidence of ill health (e.g., lack of grooming). We found the dosage parameters summarized in Table 1 to satisfy these criteria. For the Escalating Dose cycles, animals received three injections per day for 4 d, beginning with a 1.0 mg/kg dose of AMPH and ending with a dose of 8 mg/kg on the fourth day of the cycle. Single-dose challenges were inserted at various times after the course of this treatment. Other groups served as controls. Groups that continued on to the binge phase of this experiment received two injections of saline on day 5, and binge injections were initiated on day 6. During the Run phase animals received four injections of 8 mg/kg AMPH, every 2 hr, beginning at 8 A.M. and ending at 2 P.M. Animals were exposed to this daily binge regimen for up to 9 consecutive days, and different groups were challenged with a single dose of AMPH (2.5 or 8.0 mg/kg) at various times during and after this treatment phase. For all experiments, n ϭ 8 -10 per group. Specific details for each experiment are included in Results.
For dialysis studies, animals were stereotaxically implanted with guide cannulae using procedures previously described in detail (Kuczenski and Segal, 1989) . Guide cannulae extended 2.6 mm below the surface of the skull and were aimed at the caudate-putamen (1.0 mm anterior to bregma, 2.8 mm lateral, and 6.2 mm below dura), the hippocampus (5.8 mm anterior, 4.8 mm lateral, 7.5 mm below dura), and/or the nucleus accumbens (2.2 mm anterior, 1.5 mm lateral, 7.8 mm below dura). After surgery, animals were housed individually and allowed at least 1 week to recover before receiving any treatment.
Each rat was placed in an experimental chamber, and the dialysis probes were inserted on the day before treatment (3:00 -4:00 P.M.) to allow for acclimation to the test environment and for adequate equilibration of the dialysis probes. The dialysis chambers were essentially identical to the behavioral chambers described above, with the exceptions that the "home" compartment and hanging stimulus were removed to prevent interferences introduced by the dialysis methodology. Concentric microdialysis probes were constructed of Spectra/Por hollow fiber (molecular weight cutoff, 6000; o.d. 250 M) as described previously (Kuczenski and Segal, 1989) . The length of the active probe membrane was 3 mm for caudate-putamen and hippocampus and 1.25 mm for nucleus accumbens. Probes were perfused with artificial CSF containing (in mM): 147 NaCl, 1.2 CaCl 2 , 0.9 MgCl 2 , and 4.0 KCl delivered by a microinfusion pump (0.5 or 1.5 l/min) via 50 cm of Micro-line ethyl vinyl acetate tubing connected to a fluid swivel. Dialysate was collected through glass capillary tubing into vials containing 20 l of 25% methanol, 0.2 M sodium citrate, pH 3.8. Under these conditions, dialysate dopamine (DA), serotonin (5HT), norepinephrine (NE), and metabolites were stable throughout the collection and analysis interval. Samples were collected outside the experimental chamber to avoid disturbing the animal. Individual probe recoveries were estimated by sampling a standard DA solution in vitro. Preliminary studies indicated that individual probe recoveries for DA, 5HT, and NE were similar. At the end of the experiment, each animal was perfused with formalin for histological verification of probe placements.
Dialysate samples were collected every 10, 20, or 30 min (see Results for specific experiments) and were assayed for DA, 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 3-methoxytyramine (3MT), 5-hydroxyindoleacetic acid (HIAA), and 5HT in caudate-putamen and nucleus accumbens samples or, for NE, in hippocampus by HPLC with electrochemical detection. In all experiments, solutions of standards revealed a clean separation between 3MT and 5HT. Each HPLC-EC consisted of a 100 mm ϫ 4.6 mm ODS-C18 3 M column (Regis) maintained at 40ЊC for DA/5HT assays or at 30Њ for NE assays. Mobile phase (0.05 M citric acid, 7% methanol, 0.1 mM Na 2 EDTA, and 0.2 mM octane sulfonate adjusted to pH 4.0 -4.5 for DA/5HT; 4% methanol and 1.5 mM octane sulfonate for NE) was delivered at 0.6 ml/min by a Waters model 510 pump. Amines were detected with Waters 460 detectors with glassy carbon electrodes maintained at ϩ0.65 V relative to a Ag/AgCl reference electrode. Concentrations were estimated from peak areas using a Waters Maxima 820 data station. Substances in the dialysates were corrected for individual probe recoveries to account for this source of variability and, although the exact relationship between dialysate concentration and actual extracellular transmitter content is not clear (Wages et al., 1986; Church and Justice, 1987; Benveniste et al., 1989; Stahle et al., 1991) , values are presented as dialysate concentration to allow for meaningful comparisons to other data in the literature.
Data analysis. Behavioral and neurochemical data were analyzed statistically using repeated-measures ANOVA and t tests with Bonferroni corrections for specific group/time comparisons.
RESULTS

Behavioral effects
The Escalating Dose phase of the treatment resulted in a combination of sensitization and tolerance (Fig. 1) . As demonstrated previously (Segal, 1975a; Segal et al., 1980; Segal and Kuczenski, 1994) , an acute injection of a relatively high dose of AMPH (8.0 mg /kg) produced a multiphasic response pattern that included a rapid onset of the stereotypy phase consisting primarily of fo- cused, repetitive biting and licking and during which locomotion was absent ( Fig. 1 ). After the stereotypy phase, which persisted for ϳ2.5 hr (10 -160 min), a poststereotypy phase emerged during which locomotion predominated. The response profile of the acute 8.0 mg /kg dose was consistent with our previous doseresponse results (Segal, 1975a; Kuczenski and Segal, 1988) , which showed that for acute doses greater than ϳ5 mg /kg, the magnitude of the poststereotypy phase is actually lower than the level of activity that occurs during this phase after more moderate doses of AMPH, although the duration of both the stereotypy and poststereotypy phases continue to be dose-related. By contrast to the acute effects of 8.0 mg /kg AMPH, the response to the last injection of the Escalating Dose cycle (i.e., 8.0 mg /kg) was significantly altered, most notably by the displacement of a large portion of the stereotypy phase with enhanced locomotor activity ( Fig. 1 ). In addition, the duration of the whole response was significantly diminished (Crossings, 230 -290 min interval; Acute vs Escalating Dose, 135 Ϯ 38 vs 17 Ϯ 6; p Ͻ 0.02). These alterations in the locomotor pattern were also apparent in the expression of the stereotypy (Fig. 1) ; that is, oral stereotypy for the Escalating Dose group was significantly reduced during the latter portion of the stereotypy phase (90 -160 min). For some animals, the oral stereotypy was displaced by repetitive head and limb movements (a lower-dose form of stereotypy). During this interval, however, most animals exhibited a relatively rapid transition from oral stereotypy to locomotion. This emergent behavioral profile differs in its temporal and quantitative features from lower or higher doses and, therefore, is distinct from any acute dose of AMPH. Most of these same effects are also identifiable during the subsequent Run (8 mg /kg every 2 hr for 4 injections) exposures (Figs. 2-5). The relatively pronounced decrease in the duration of the stereotypy phase and the increase in locomotion that emerged with repeated runs are particularly evident in the comparison of the locomotor (Fig. 2) and stereotypy ( Fig. 3 ) profiles for the last injection of each run with the corresponding response patterns resulting from acute and Single Daily Injections after either saline or the Escalating Dose pretreatment. By the ninth run, some animals exhibited episodes of locomotor activity throughout the stereotypy phase, which became progressively more pronounced with successive injections during the run (Fig. 4) . In addition, the poststereotypy locomotor activation appeared sooner, as evidenced in both the locomotor (Fig. 2 ) and the stereotypy (Fig. 3) profiles. Furthermore, unlike the effect of the Escalating Dose treatment alone, the high level of locomotion during the poststereotypy phase persisted for a longer duration than after the other treatments (Fig. 2) . During this period, animals made very rapid darting movements between quadrants and, in fact, the difference Table 1 ). Control animals received an equivalent number of saline injections before AMPH. Histograms represent the cumulated response over the indicated interval. Values are the mean Ϯ SEM. Significant differences from the Saline group, ***p Յ 0.001. in crossings between these rats and controls could be accounted for by successive crossings that occurred within Ͻ2 sec of each other. The animals remained very active even when not ambulating, often displaying intense nose-poking between the floor grids and very occasional focused oral or repetitive head and limb stereotypies. These qualitative characteristics clearly distinguished the response during the runs from the behavior associated with the other treatments and suggested that during much of the poststereotypy period, rats were in an extremely agitated or even frenzied state. This increase in the locomotor component of the response and corresponding decrease in the duration of the continuous stereotypy phase occurred progressively over the course of successive runs (Fig. 5) .
The relatively selective enhancement of locomotion persisted in response to AMPH challenge. Different groups of animals were challenged with a lower dose of AMPH (2.5 mg /kg) 9 d after the fifth consecutive daily run (Fig. 6) . After the Escalating DoseRun exposure, locomotion was significantly greater both before (0 -20 min) and after (70 -240 min) the stereotypy phase when compared with the sensitized response that emerged with the Single Daily Injections treatment.
Activity in response to daily saline injections and during the dark phase was significantly altered for at least several days after withdrawal from the nine-run treatment (Figs. 7, 8) . The locomotor response to saline administration was initially depressed in Escalating Dose-Run pretreated animals but gradually increased after several days, especially during the first 5-10 min after injection, achieving a significant elevation between the fourth and seventh days of withdrawal (Fig. 7) . By contrast, spontaneous activity, particularly during the period when control animals exhibited the greatest night-time activity (7-9 P.M.), was significantly reduced for the first 2 nights after drug-free days (Fig. 8) ; ingestive behaviors (time spent eating and drinking) were also significantly depressed over this same period.
Whereas nondrugged controls gradually gained weight throughout the course of the experiment (ϳ1 gm /d), the weight of the Escalating Dose-Run group declined to a level of ϳ80% of controls by the ninth run. At no time did these animals exhibit obvious signs of ill health, and their weight rapidly recovered after cessation of drug treatment and was no longer significantly different from controls after ϳ2 weeks of withdrawal.
Neurochemical changes
Regional tissue levels of DA, 5HT, and /or NE were determined at various times during or after the first and fifth runs. The Escalating Dose pretreatment had no effect on caudate-putamen DA (71.4 Ϯ 1.1 vs 75.2 Ϯ 1.4 pmol /gm tissue in controls), but 20 min after the fourth injection of the first run, caudate-putamen DA was reduced to ϳ74% of controls (55.8 Ϯ 4.78 pmol /gm tissue). This decrease in DA occurred concomitant with a 10 -15% increase in caudate-putamen AMPH levels (115 Ϯ 8 nmol /gm 20 min after a single injection, vs 131 Ϯ 5 nmol /gm 20 min after the fourth injection) (Melega et al., 1995) . Approximately similar reductions in tissue DA were detected at 3 d and 3 weeks after the fifth run (Table 2 ). In contrast, whereas caudate-putamen 5HT was not significantly diminished, both hippocampal NE and 5HT were substantially reduced 3 d after the last run (60% and 35%, respectively) but fully recovered by 3 weeks. More recently, we have found similar patterns of regional monoamine depletion after longer run schedules using the same or lower doses (4.0 mg / kg).
In vivo microdialysis procedures were used in freely moving animals to determine the effects of the Escalating Dose-Run treatment on regional extracellular monoamine levels. In one study, animals were first exposed to the Escalating Dose regimen and were then monitored for caudate-putamen DA and 5HT as well as hippocampal NE (Fig. 9 ) or nucleus accumbens DA and 5HT (Fig. 10) during the course of a four-injection run. Control animals were pretreated with saline and then received three injections of saline followed by a single injection of AMPH (8.0 mg /kg) during the run session. Baseline monoamine and metabolite levels in saline and Escalating Dose pretreated animals were not significantly different; likewise, the Escalating Dose pretreatment did not alter the monoamine responses to the first AMPH injection (Figs. 9, 10 ). However, for both caudate-putamen ( Fig.  9 ) and nucleus accumbens (Fig. 10) , the DA response (peak levels and area under the curve) progressively declined with successive injections during the run. A similar pattern was obtained for caudate-putamen and nucleus accumbens 5HT (Figs. 9, 10) . In contrast to these effects, the hippocampal NE response remained relatively unaltered during the run and, in fact, tended to increase with successive injections. Similar results were observed for frontal cortex NE in a separate group of animals (data not shown). By the fourth run, baseline levels of caudate-putamen DA and 5HT were reduced, but only the 5HT reduction was statistically significant (DA, 33.1 Ϯ 4.5 vs 23.3 Ϯ 3.4 nM; 5HT, 1.7 Ϯ 0.3 vs 1.0 Ϯ 0.2 nM). However, the response of both monoamines was significantly attenuated (Fig. 11) . For caudate-putamen DA, comparison of the first and fourth runs revealed that the response sequence began at a lower level during the fourth run and declined further with successive injections so that the DA response after the fourth injection remained significantly lower than during the first run. For 5HT, the initial difference between the first and fourth runs was no longer apparent after the fourth injection.
In contrast to the effect of successive runs on the caudateputamen DA and 5HT responses, the hippocampus NE response (Fig. 11) progressively increased between the first and fourth injections during the fourth run, although it was significantly lower after the first injection of the fourth run compared with the first injection of the first run.
DISCUSSION
Clinical evidence indicates that stimulant-induced psychopathology, particularly in the form of paranoid psychosis, is most often associated with a chronic high-dose, multiple daily exposure pattern of stimulant abuse (for review, see Angrist, 1994b) . Most individuals appear to be without significant psychopathology during the initial phase of Escalating Dose usage, during which tolerance develops to the potentially lethal sympathomimetic actions of these drugs (Fischman and Schuster, 1974; Schmidt et al., 1985b; Angrist, 1994b) . Tolerance to the sympathomimetic effects enables users to administer higher doses more frequently to achieve a more intense euphoria and /or to overcome tolerance that may also develop to the euphorigenic effects (Sato, 1986; Angrist, 1987; Gawin and Ellinwood, 1988; Angrist, 1994b; Gawin and Khalsa, 1996) . Importantly, it appears to be during the course of multiple daily administrations (i.e., "binges" or "runs"), following the Escalating Dose phase, that paranoid psychosis is most likely to appear (Kramer, 1972; Angrist, 1994b; Unterwald et al., 1994; Gawin and Khalsa, 1996) ; in fact, most evidence suggests that discontinuation of drug usage usually results in a rapid decline of the psychosis, closely paralleling drug urine levels (Angrist and Gershon, 1971; Davis and Schlemmer, 1980; Angrist, 1994b) . These observations provide an important framework for basic researchers who are interested in developing animal models for the behavioral processes and neurochemical mechanisms that may be involved in stimulant psychosis. Although we and others have suggested that sensitization and the underlying neurochemical changes produced by intermittent repeated stimulant administration may be implicated in stimulant psychosis, a more accurate model may require the use of treatment conditions that more closely simulate the most relevant patterns of stimulant abuse in humans (Segal and Mandell, 1974; Segal and Janowsky, 1978; Angrist, 1994b; Gawin and Khalsa, 1996) . Therefore, we engaged in a series of studies to identify behavioral and neurochemical changes in animals during their exposure to an Escalating DoseRun regimen of AMPH administration.
Behavioral effects of Escalating Dose-Run treatment regimen
The behavioral response to amphetamine at the end of the Escalating Dose pretreatment was comparable in most respects with the pattern of response alterations typically observed with repeated intermittent injections of moderate to high doses of amphetamine (Segal, 1975a; Rebec and Segal, 1980; Segal et al., 1980) . After the Escalating Dose phase, repeated daily exposure to high-dose runs produced an altered behavioral profile, which was both qualitatively and quantitatively different from that observed with any of the other treatment conditions. The magnitude of the poststereotypy locomotor response progressively increased, whereas the duration of the stereotypy phase actually decreased. In fact, by the ninth run, many animals displayed periodic episodes of locomotion throughout the time period during which acute doses produced intense stereotypy in the absence of any locomotion. In this regard, it is important to note that at higher acute doses, and correspondingly higher brain concentrations of AMPH, the stereotypy phase is increased both with respect to intensity and to duration, whereas the magnitude of poststereotypy locomotion is actually somewhat diminished, although it is prolonged in a dose-dependent manner (see Results). Therefore, this behavioral pattern cannot be explained simply as a result of the higher brain levels that accumulate through the course of each run. This is supported further by the persistence of the altered behavioral profile in response to single-dose challenge. Furthermore, this profile does not occur with repeated Single Daily Injections of high doses, with or without previous exposure to the Escalating Dose treatment and, in our experience, high-dose repeated runs in the absence of previous Escalating Dose treatment results in debilitation or death of most of the animals. Therefore, the combined Escalating Dose-Run regimen seems to be required for the development of this unique behavioral pattern that includes an admixture of apparent tolerance, particularly in the duration of the stereotypy phase, and sensitization of the locomotor component of the response.
Neurochemical correlates of Escalating Dose-Binge amphetamine administration
Despite the gradual accumulation of AMPH during the first run, the extracellular DA levels in both caudate-putamen and nucleus accumbens progressively declined with successive injections. This decrease in the DA response within a run corresponds to an enhanced behavioral effect apparent in at least some features of the response. Thus, these results are consistent with our previous findings (Segal and Kuczenski, 1992a,b ) that a more rapid onset of stereotypy and an increase in poststereotypy hyperactivity (both primary indices of sensitization resulting from Single Daily Injections of moderate to high stimulant doses) can be expressed concomitant with a diminished DA response to AMPH. After repeated runs, a similar pattern was evident in caudate-putamen extracellular DA and, in addition, the response to the first injection of the run was significantly diminished. In the current series of studies, nucleus accumbens DA was not determined after multiple runs; however, converging evidence indicates that caudate-putamen DA is more responsive than is nucleus accumbens DA to the depleting effects of AMPH (Ellison et al., 1978; Ellison and Eison, 1983; Castañeda et al., 1990; Swerdlow et al., 1991; Paulson and Robinson, 1995) . The results of a recent study of human chronic methamphetamine users are consistent with this interpretation (Wilson et al., 1996) . Therefore, it is conceivable that the temporal pattern that emerges with repeated runs including, most prominently, a decrease in the duration of the stereotypy phase and an increase in the magnitude of the locomotor activation, is a consequence of a progressive shift toward a relatively greater role for the mesolimbic pathway in the expression of the behavioral response. This temporal pattern is consistent with previous observations regarding the competitive interaction between these two primary behavioral components of the response (Segal, 1975b; Segal and Schuckit, 1983; Whishaw et al., 1992) .
Despite the critical role of DA in the stimulant response, however, converging evidence clearly demonstrates a significant dissociation between the quantitative features of the extracellular DA and behavioral responses to acute Segal, 1989, 1990; Kuczenski et al., 1991) and chronic (Segal and Kuczenski, 1992a; Kalivas and Duffy, 1993; Wolf et al., 1993 Wolf et al., , 1994 Paulson and Robinson, 1995) stimulant administration. In fact, the chronic administration of amphetamine-like stimulants affects a variety of neurochemical, neurophysiological, and molecular changes, including modifications in pre-and postsynaptic receptor function as well as alterations in a variety of other neurotransmitter systems, and these changes are likely to be involved in the behavioral alterations associated with repeated AMPH treatment (for review, see Nestler, 1994; Hyman, 1996; Hyman and Nestler, 1996) . In this regard, our present results also showed that the effects of the Escalating Dose-Run treatment on caudateputamen and nucleus accumbens extracellular 5HT paralleled the DA responses, although unlike DA, the caudate-putamen 5HT response during the fourth run showed no additional decline after the first injection.
Although the role of 5HT in the stimulant response is not well defined, some evidence suggests a suppressive effect on locomotor activation (Brodie and Shore, 1957; Neill et al., 1972; Swonger and Rech, 1972; Mabry and Campbell, 1973; Breese et al., 1974; Jacobs et al., 1975; Geyer et al., 1976; Segal, 1976 Segal, , 1977 . Our more recent microdialysis studies suggested that caudateputamen 5HT may be particularly relevant to the higher dose effects of AMPH (Kuczenski and Segal, 1989) . It is conceivable, therefore, that decreases in 5HT during the course of the Escalating Dose-Run treatment may contribute to the relative expression of locomotion and stereotypy, perhaps through a differential effect on caudate-putamen and nucleus accumbens output. In contrast to the progressively declining extracellular DA and 5HT responses during the Escalating Dose-Run treatment, the extracellular NE response remained relatively unaltered and, in fact, slightly increased during the course of repeated runs. We have suggested that NE may have an inhibitory effect on stereotypy (Florin et al., 1995) , which is consistent with our present findings that a relative increase in the NE/ DA ratio corresponds to a shift toward progressively less stereotypy and more locomotion during the course of repeated runs.
Consistent with previous results (Paulson et al., 1991) , the Escalating Dose treatment did not produce persistent depletions of tissue monoamines. However, although this gradual preexposure to successively higher doses of AMPH likely attenuated the more pronounced effect of high-dose runs (Schmidt et al., 1985a,b) , we did find a reduction in caudate-putamen DA tissue levels that persisted for at least 3 weeks after the last run. In fact, a number of clinical researchers have suggested the possibility of moderate DA neurotoxicity resulting from prolonged AMPH abuse (Fischman et al., 1985; Gawin and Ellinwood, 1988; Lieberman et al., 1990; Fibiger, 1991; LeDuc and Mittleman, 1995; Gawin and Khalsa, 1996) and, in a recent study, postmortem caudate-putamen DA was found to be significantly reduced in human chronic methamphetamine users (Wilson et al., 1996) . In this regard, it is likely that some monoamine depletion, at least partly contributes to the tolerance observed in the DA and 5HT responsivity during the AMPH run, because brain drug levels were significantly higher in response to the fourth compared with the first drug injection. Possible molecular mechanisms underlying these changes in the response to AMPH will be discussed in greater detail elsewhere.
Relevance to stimulant effects in humans
Several features of the response to the Escalating Dose-Run regimen resemble the behavioral effects in humans. For one, similar to the withdrawal response in stimulant abusers (Griffith et al., 1972; Gawin, 1991; Angrist, 1994b; Gawin and Khalsa, 1996) , discontinuation of the Escalating Dose-Run treatment resulted in a depression, which persisted for several days, during the behaviorally active dark phase (Segal, 1975b; Robinson et al., 1988; Paulson et al., 1991; Paulson and Robinson, 1996) . In addition, during the withdrawal period, the response to daily saline injections was significantly elevated for at least 4 d after an initial depression. This increased reaction to the cues associated with the injection procedure (i.e., a conditioned locomotor response) persisted for more injections than we have observed previously with other chronic paradigms and may be relevant to the conditioned responses in humans that are believed to contribute to craving and relapse (Gawin, 1991; Kleber, 1995; Berger et al., 1996; Gawin and Khalsa, 1996) . Finally, the relatively selective locomotor augmentation persisted in response to challenge for at least 3 weeks after withdrawal. This observation is consistent with recent evidence that stimulant abusers who previously experienced druginduced psychosis required either lower doses or fewer successive drug administrations to reproduce the psychosis after a period of abstinence (Sato, 1986; Satel et al., 1991; Angrist, 1994a,b; Gawin and Khalsa, 1996) . One clue as to the possible clinical relevancy of the altered behavioral profile that results with the Escalating Dose-Run regimen is suggested by observations of stimulant abusers during periods when they displayed stimulant-induced perseverative response patterns (Rylander, 1969 (Rylander, , 1980 Schiorring, 1977; Davis and Schlemmer, 1980) . These clinical researchers reported that stimulant-induced stereotypies appeared to have a calming effect and that individuals became irritated and /or anxious when the stereotypy was interrupted. In this regard, it is important to note that the affect associated with AMPH psychosis is in the direction of anxiety and that anxiety appears to intensify progressively during the course of a binge before individuals experience frank paranoid delusions (Gawin and Ellinwood, 1988; Angrist, 1994b; Gawin and Khalsa, 1996) .
Stereotyped behaviors in animals have also been considered by some to represent a coping mechanism that functions to reduce stress or excessive arousal through disengagement from external stimuli (Segal and Geyer, 1985; Mason, 1991; Mittleman et al., 1991) . Thus, it is conceivable that stimulant-induced focused Figure 8 . Locomotion and ingestion (time spent eating or drinking) during the first 2 hr of the dark cycle (7-9 P.M.) for 5 consecutive drug-free days after the ninth run in Escalating Dose-Run-treated animals. Values are mean percent Ϯ SEM of the SAL-pretreated group; n ϭ 10 (SAL) and 9 (ED-Run). Significantly different from corresponding SAL responses, *p Յ 0.05; **p Յ 0.01; ***p Յ 0.001. Figure 9 . Extracellular neurotransmitter responses during an AMPH run. One group of animals was pretreated with the Escalating Dose pattern of AMPH and then challenged 36 hr later with 4 injections of 8.0 mg /kg AMPH at 2 hr intervals. Control animals (Saline) were pretreated with an equal number of injections of saline, and challenged with a single injection of 8.0 mg /kg AMPH. Top, Caudate-putamen DA; center, caudate-putamen 5HT; bottom, hippocampus NE (a similar pattern was obtained for the frontal cortex NE response). Dialysate samples were collected at 30 min intervals. There were no significant differences for any transmitter between the response to AMPH in the saline group and the first injection of AMPH in the Escalating Dose-Run group. AUC, Area under the curve for the 0 -120 min interval after each injection: *p Յ 0.05; **p Յ 0.01 compared with the first injection of the run; ϩp Յ 0.05; ϩϩp Յ 0.01 compared with the immediately preceding injection. stereotypy is an adaptive response that modulates high-intensity arousal (expressed in animals as agitated locomotion) and that this modulating mechanism is suppressed or impaired by the Escalating Dose-Run treatment. Therefore, rather than sensitization per se, a relatively unmodulated increase in arousal, which has been suggested as a critical factor in schizophrenic behavioral disorganization (Storms and Broen, 1969) , may represent the critical change underlying the induction of stimulant psychosis.
With respect to stimulant-induced euphoria, acute tolerance or tachyphylaxis occurs, especially to the intense euphoria or "rush" within the course of each run (Fischman et al., 1985; Sato, 1986; Angrist, 1987 Angrist, , 1994b Gawin and Ellinwood, 1988; Gawin and Khalsa, 1996) . Some evidence also suggests a more chronic tolerance to euphoria that persists across repeated runs (for review, see Angrist, 1994b; Gawin and Khalsa, 1996) . This progressive decrease in the pleasurable quality of the drug effect is believed to be a primary factor responsible for the escalation in dose and consequent compulsive drug use. Our results suggest that this effect may be attributable to the progressive attenuation of the DA and /or 5HT responses within and between runs and that an increase in dose might be expected to restore the transmitter response.
In contrast to the euphorigenic effects, the appearance of stimulant-induced paranoid psychosis is increasingly more likely with repeated, high-dose runs (for review, see Angrist, 1994b; Gawin and Khalsa, 1996) . Our results suggest that the most prominent behavioral change that results with successive runs is a relative decrease in the amount of time the animals spend engaging in focused, continuous stereotypy and a corresponding increase in the time spent in what appears to be a highly agitated, hyperaroused state. As discussed previously, perseverative behavior may represent an adaptive response, especially in the context of excessive arousal or stress (see above for references). Therefore, the partial attenuation of this modulating mechanism during the course of repeated runs may be responsible for the pronounced psychomotor activation both in humans and in animals and to the induction of paranoid psychosis or psychotic mania in humans (Fibiger, 1991) . The neurochemical evidence suggests that these behavioral changes may result from differential effects on mesolimbic and nigrostriatal DA systems, perhaps influenced by the 5HT and NE responses to this treatment.
It should be noted that one important assumption underlying the interpretation of our results, in the context of human stimulant abuse, is that the passive or noncontingent treatment procedures used in the present study produce effects qualitatively similar to those resulting from self-administration of stimulants. In this regard, some recent evidence suggests that comparable behavioral (Phillips and Di Ciano, 1996) , neuroendocrine (Swerdlow et al., 1991) , and brain neurochemical (Hurd et al., 1990; Swerdlow et al., 1991) effects are obtained using either contingent or noncontingent stimulant administration procedures. However, other reports (for example, Wilson et al., 1994) suggest potentially important differences after self versus passive drug administration. Therefore, additional investigation will be required to determine what, if any, actions of chronic stimulant abuse in humans are most accurately simulated by the use of contingent drug paradigms in experimental animals.
In conclusion, the results of these studies indicate that with the Escalating Dose-Run regimen, a behavioral profile emerges that differs qualitatively and quantitatively from the response produced by either repeated intermittent or continuous AMPH administration (Huberman et al., 1977; Ellison et al., 1978; Nielsen et al., 1980; Ellison, 1994) . The altered responsiveness has features of both sensitization and tolerance, and its temporal pattern is characterized by a profound increase in the expression of locomotor activation relative to the period of continuous focused stereotypy. We suggest that this profile may reflect an enhanced level of arousal attributable, at least in part, to the attenuation of a coping mechanism, i.e., response perseveration. It is conceivable, therefore, that the shift in these two response components, perhaps mediated through a corresponding shift in the relative activation of the mesolimbic and nigrostriatal pathways, may also be implicated in the induction of stimulant psychosis.
